1. Gyrfalcon predation on ptarmigan during the breeding season was studied in north-east Iceland 1981±97. The ptarmigan population went through a complete 10-year cycle of numbers with a 4´3-fold dierence in density between high and low years. The yearly number of occupied gyrfalcon territories was correlated with ptarmigan density with a 3-year time-lag. Total falcon numbers in late summer (territorial adults +¯edglings) showed a 2-year lag with ptarmigan numbers. Variability in falcon density was signi®cantly less than that of ptarmigan. It is suggested that the factors contributing to the time-lag between the two populations are the year-round residency of falcons on nesting territories, and late maturity (2-to 4-year-old). Mean brood size and the proportion of the territorial falcon population breeding successfully showed no relation to ptarmigan numbers. 2. Ptarmigan density in spring was an important factor determining composition and variability in the diet of gyrfalcons during the breeding season. Alternative prey for falcons included waterfowl, alcids and waders. Adult ptarmigan featured highly in gyrfalcon diet in all years. The functional response curve to changes in ptarmigan density was slightly convex or close to linear and showed relatively little change in the average number of ptarmigan killed per individual predator over the range of ptarmigan densities observed. 3. The impact of gyrfalcon predation on the ptarmigan population and ptarmigan density was in opposite phases, and the predation rate peaked during the decline and the low phase of the ptarmigan cycle. This suggests that gyrfalcons accelerate decline, accentuate the amplitude and aect the length of the low phase of the ptarmigan cycle. The following factors seem to promote the destabilizing eects of predation by gyrfalcons: they are resident specialist predators, they show a delayed numerical response to changes in ptarmigan density and a high utilization of this prey at all phases of the ptarmigan cycle.
Introduction
Predators can respond to changes in density of their main prey in two ways (Solomon 1949) . The numerical response relates to population parameters such as mortality, reproduction, emigration and immigration, and the functional response to rate of prey consumption. The functional response is the more important of the two as it may aect the numerical response directly (Keith et al. 1977) . The ability of the predator to aect its prey population is determined by the combined eect of these responses (total response).
Regular cycles of numbers are known for populations of hares (Lagomorpha) and microtine rodents in some temperate grassland, boreal and arctic areas. These include the 3-to 5-year cycles of microtine rodents in northern Fennoscandia, and the 10-year cycle of snowshoe hares (Lepus americanus Erxleben) within the boreal forest of North America (for review see Keith 1963; Krebs & Myers 1974; Finerty 1980; Norrdahl 1995; KorpimaÈ ki & Krebs 1996) . These cyclic hares and microtine rodents are the dominant vertebrate herbivores within their respective ecosystems (Angelstam, LindstroÈ m & WideÂ n 1985; Boutin et al. 1995) . Mortality caused by predators is a very apparent phenomenon of the small mammal cycle (Krebs et al. 1995; Norrdahl & KorpimaÈ ki 1995a) . The extreme amplitude of the cycle (i.e. the dierence in density between high and low years) in turn profoundly aects the coterie of predators that feed on this type of prey (Keith 1963; Keith et al. 1977) . The predators, depending on species and local conditions, act dierently. Their eects depend on such factors as whether they are specialists or generalists, resident, migratory or nomadic, show a numeric or a functional response, track prey with or without a time-lag, and whether their density is limited by prey number (Andersson & Erlinge 1977; Ydenberg 1987; KorpimaÈ ki & Norrdahl 1989 , 1991 Hanski, Hansson & Henttonen 1991; KorpimaÈ ki 1994) . The role of predation in these herbivore cycles has been much studied and debated (Andersson & Erlinge 1977; Keith et al. 1977; Erlinge et al. 1983; Angelstam, LindstroÈ m & WideÂ n 1984; Erlinge 1987; Henttonen et al. 1987; Trostel et al. 1987; Hanski et al. 1993; KorpimaÈ ki 1993; Krebs et al. 1995; Norrdahl & KorpimaÈ ki 1995b; Klemola et al. 1997) . In a recent review it was concluded that at present we are left with the hypothesis that herbivore±predator interactions are a necessary driving force for both the short-and the long-term small mammal cycles, as other hypotheses have not been supported by data (KorpimaÈ ki & Krebs 1996) .
The predators of the cyclic microtine rodents and hares also aect populations of alternative prey groups. These alternative prey are believed to suer during the decline and low phase of the small mammal cycle, and consequently their populations are forced, because of predation, to track the cyclic population of the dominant herbivores (Siivonen 1948; Hagen 1952a; Angelstam et al. 1984 Angelstam et al. , 1985 LindeÂ n 1988; MarcstroÈ m, Kenward & Engren 1988; Keith & Rusch 1989 ; MarcstroÈ m, Keith & Engren 1989; LindstroÈ m et al. 1994) . Grouse (Tetraonidae) of the genus Lagopus are one of these alternative prey groups. In northern Fennoscandia and boreal North America Lagopus numbers are thought to track, respectively, the microtine rodent cycles (Hagen 1952a; Steen et al. 1988) , and the 10-year snowshoe hare cycle .
In Iceland there is just one species of grouse, ptarmigan Lagopus mutus (Montin), and it is the dominant wild herbivore in this ecosystem. The ptarmigan population has an I 10-year cycle, and cyclic changes with the same period have also been noted for its main predator the gyrfalcon (Falco rusticolus L.) (Gudmundsson 1960; Nielsen & PeÂ tursson 1995) . The amplitude of the ptarmigan population cycle in Iceland is similar to what has been recorded in other areas for Lagopus, but much less than for the small mammal cycles. What makes this situation especially interesting is that neither microtine rodents nor hares are found in Iceland, so the alternative prey hypothesis regarding population change of ptarmigan does not apply. The demographic events determining ptarmigan population change in Iceland take place in winter (Gardarsson 1988; Nielsen 1996) . The years of decline are characterized by a delayed density-dependent increase in mortality rates of both adults and juveniles.
The gyrfalcon has been characterized as a Lagopus specialist (Hagen 1952b; Cade 1960) , but its numerical and functional responses to local changes in grouse numbers have not been studied in any detail (but see Tùmmeraas 1993; Mossop & Hayes 1994; Shank & Poole 1994; Huhtala et al. 1996) . In this paper I describe the numerical and functional responses of gyrfalcon to population change of ptarmigan. This type of information is fundamental for an evaluation of the possible eects of predators on prey populations in this system. Further, I test the following predictions derived from theoretical predator±prey models regarding factors promoting instability in such systems (Rosenzweig & MacArthur 1963; Murdoch & Oaten 1975; Taylor 1984) . If the instability in ptarmigan populations is due to gyrfalcons, then these predators should: 1. show a delayed density-dependent numerical response to changes in ptarmigan numbers, as timelags tend to destabilize predator±prey systems; 2. subsist on ptarmigan during all phases of the cycle, i.e. a specialist unable to switch to alternative prey as ptarmigan densities decline; 3. aect the ptarmigan population greatest during the decline and the low phase of the cycle, i.e. the predation rate should be highest during decline and bottom years of the ptarmigan cycle of numbers.
These data relate only to the summer period, but are of sucient duration to indicate the general trends in gyrfalcon±ptarmigan relations (I 111 days/year, 17 years of observations). This conclusion is further supported by the fact that the ptarmigan is the main food of the gyrfalcon in winter also (Nielsen & Cade 1990a) , the falcons are sedentary (Nielsen & Cade 1990b) , and radio-tracking of ptarmigan in winter has shown that predation is the main natural mortality factor (O Â .K. Nielsen, unpublished data).
Materials and methods

S T U D Y A R E A
The study area, 5327 km 2 , is in north-east Iceland (Fig. 1) . The general topography is¯at with rolling hills rising from the coast to 600±800 m above sea level at the southern border, 100 km inland. Several valleys, isolated mountains, and larger mountain masses break this relief. The major valleys are in the western part of the study area: BaÂ rCardalur, ACaldalur and Reykjadalur. The main mountains are on TjoÈ rnes Peninsula and east and north of Lake MyÂ vatn, the highest being BlaÂ fjall, 1222 m above sea level. Two major glacial rivers cross the study area from south to north, SkjaÂ lfanda¯joÂ t on the western border, and JoÈ kulsaÂ aÂ FjoÈ llum on its eastern border. Three species of terrestrial mammals and 61 avian species breed in the area. The avifauna is characterized by large populations of waders, waterfowl, and seabirds.
In summer the ptarmigan is common on heath and grassland habitats. Winter habitats include alpine areas, rough lava ®elds and birch shrubs (Nielsen 1993) . Natural predators of adult ptarmigan are: gyrfalcon, raven (Corvus corax L.), arctic fox [Alopex lagopus (L.)], and introduced mink (Mustela vison Schreber). The gyrfalcon is protected by law, but the other three predators are hunted all year round. The ptarmigan is the only upland gamebird, and the hunting season is from 15 October to 22 December each year.
Ptarmigan numbers were counted during annual spring censuses for territorial cocks on six plots ranging in size from 2´4 to 8´0 km 2 (combined 26´8 km 2 ). Two plots were on coastal heaths, the others at various distances inland (Fig. 1) . The two coastal plots are classi®ed as heather heaths, the other four as Betula nana heaths (cf. SteindoÂ rsson 1980). Each plot was censused once during late May each year (mean date 22 May), at the height of territorial activity. The census was usually conducted by two observers in the late afternoon (time 17.00± 24.00 h) or early morning hours (time 05.00± 10.00 h). Position of territorial cocks was plotted on a map as was the location of all kills. A`kill' constitutes the remains of a ptarmigan dead and eaten after arrival on census plot in spring. Total number of cocks in spring was taken as the sum of the number of territorial cocks censused and killed (for a detailed description of census plots and methods see Nielsen 1996) .
The spring census 1981±97 and transect surveys in 1993 have con®rmed a 3-to 5-fold dierence in ptarmigan density between some coastal heaths as compared with other heaths (Nielsen 1995 (Nielsen , 1996 . The high density coastal heaths cover approximately 391 km 2 and other heaths 2770 km 2 (O Â .K. Nielsen, unpublished data). Two of the six census plots were on high density coastal heaths (Fig. 1) . Total spring population of ptarmigan cocks was found by multiplying average density and extent of habitat for the two habitat types and summing the results. The sex ratio of the ptarmigan spring population was assumed to be equal with no surplus birds (Gardarsson 1988) . Accordingly, total ptarmigan population arriving on breeding grounds in spring was taken as 2 Â cock numbers.
Gyrfalcons have traditional nesting territories that can be used for decades or centuries (Tùmmeraas 1993) . The term`nesting territory' refers to the area defended by the falcons around the nest, usually only the nesting cli and its immediate surroundings. The nesting territory is the unit surveyed in this study. A nesting territory always has several nest sites. A`nest site' refers to the actual location of the nest. The nest sites belonging to the same nesting territories can be on dierent clis, and the pairs then alternate between them in dierent years. Whether adjacent nest clis are regarded as belonging to the same nesting territory or not is based on their occupation history. By de®nition, only one gyrfalcon pair will use a speci®c nesting territory at any one time. Currently there are 82 traditional gyrfalcon nesting territories known on the study area. Field work was conducted between May and midAugust 1981±97. During the ®rst visit in spring, the nesting territory was determined either as`unoccupied' if no signs of gyrfalcons were found at any of the known nest sites, roosts and perches within the territory, or`occupied' if de®nite signs of activity were observed. To be classi®ed as occupied the territory had to have a breeding pair, or in case of nonbreeders, an active roost with some combination of bird sightings, new food remains, fresh droppings, moulted feathers or pellets. Occupied territories could hold: (i) successful breeding pairs; (ii) unsuccessful breeding pairs; (iii) nonbreeding pairs; and (iv) unknown occupants. Successful pairs¯edged at least one young. Unsuccessful pairs laid eggs but failed at some stage before¯edging young.
Territories with nonbreeding pairs, included territories where sightings were made of adult pairs or where proof was found of courtship feeding. The status`unknown occupants' is used for territories where no more than one falcon was seen, and no signs of courtship activities were found. Brood size was determined when the nestlings were 4-to 6-weeks-old. Most of the nests were revisited after young had¯edged. Nestlings found at that time, and which had died since last visit, where taken into account when calculating mean brood size.
For the calculation of total resident gyrfalcon population on the study area, it is assumed that: (i) traditional nesting territories are 82; (ii) all occupied territories have pairs; and (iii) occupancy rate is the same for surveyed and non-surveyed territories.
Gyrfalcons start to bring prey to the nesting territory at the onset of courtship feeding in late March and early April. During courtship, laying and incubation, prey remains gather at plucking posts within the territory, some distance away from the nest site itself. These plucking posts are usually on top of the nesting cli, on the slope below it, or on either rim if the nesting territory is centred within a gorge. It is only after the young have hatched that prey remains start to accumulate in the nest. During the nestling stage, most remains are found in the nest or at the bottom of the clis below it. When the young¯edge, they use many of the same plucking posts as their parents had used in spring.
The food studies are based on collections of food remains and pellets from successful nesting territories only. Nest sites were visited two or three times during the summer to collect remains. The ®nal visit was always made after young had¯edged. Prey collections from territories with aborted breeding attempts were excluded from this analysis, also prey collections from successful territories where collecting was not possible within the nest itself. This is because of predictable changes in prey selection over the course of a season. The only way to have comparable samples of diet is to collect remains at all sites where they gather, and over the course of an entire breeding season, from courtship through tō edging. Complete prey collections were made at 68 territories, representing 313 successful breeding attempts. A total of 28 034 individuals were identi®ed in the prey collections.
A prey collection comprised mostly skeletal remains, but also feathers and pellets. Identi®cation of most prey items was made in the ®eld. Problematic specimens were brought back to the laboratory and identi®ed with the aid of a reference collection. Each collection was separated into species and age groups, and the minimum number of individuals belonging to each group was found by counting the most frequently occurring bone representing one individual. For the ptarmigan, this was nearly always the sternum (Langvatn 1977) , but for smaller species this item was more often either one of the wings or the feet. Feather pattern or bone structure was used to distinguish between young of the year and adults. Pellets were only analysed for legs and bones of small birds, mainly young waders and passerines. Masses of prey items were taken from IINH ®les, and Nielsen (1986; and unpublished data) . Species diversity in diet was calculated for the combined annual prey samples using the Shannon±Wiener function (log 10 ) (Krebs 1978, p. 457) .
The number of adult ptarmigan killed by gyrfalcons during the breeding season or the`kill rate' was calculated in accordance with Keith et al. (1977) , and LindeÂ n & Wikman (1983), using the formula:
where GP = number of adult ptarmigan caught by gyrfalcons during the breeding season; CF = consumption by female gyrfalcons = number of females (Table 1 (Table 2) ; WG = mean weight of ptarmigan in spring 537 g (O Â .K. Nielsen, unpublished data). Daily food requirements were calculated in accordance with Lindberg 1983. These ®gures include waste (estimated at 20%), and gross energy intake (estimated assimilation eciency 70%). Daily energy expenditure was taken as 2´5 Â basal metabolic rate (BMR) for adults and 1´7 Â BMR for young. Weights used for calculations of BMR were 1355 g for adult males, 1831 g for adult females, 1262 g for young males and 1573 g for young females (Cade, Koskimies & Nielsen 1998) . Sex ratio of young was taken as equal (Nielsen 1986 ). The breeding season as represented by the food data is taken as 111 days, including 14 days for courtship, 43 days for laying and incubation, 47 days for nestlings period, and 7 days postedge. The kill rate divided by prey population size gives`predation rate.' It is assumed that estimated number of prey items consumed equals number hunted, i.e. there is no surplus killing. Food requirements of nestlings are taken as equal for male and female young.
Following Ranta, LindstroÈ m & LindeÂ n (1995) I standardized to zero mean and unit variance data on ptarmigan numbers, and gyrfalcon population parameters, kill rate and predation rate. By this method, all relevant information in the data is eectively retained, but the procedure removes the species-speci®c and parameter-speci®c dierences in density and quantity. The standardization makes it easier to observe how the population¯uctuations of the ptarmigan relate to various population and predatory parameters of the gyrfalcon. Using these standardized data, I applied cross-correlation, a time-series analysis technique, to assess the degree of temporal synchrony of the ptarmigan population and the gyrfalcon population and predation (Chat®eld 1989) . Correlation coecients, r t , are calculated with dierent time-lags, t. Correlation coecients calculated between synchronously¯uctuating parameters yield high positive values with t = 0 years, and rapidly decaying values with an increasing time-lag. Nonsynchronous parameters do not correlate strongly. Fluctuating parameters in opposite phases yield high negative correlation with t = 0 years.
Results
P O P U L A T I O N F L U C T U A T I O N S O F P T A R M I G A N
Population changes of ptarmigan were in synchrony on the dierent census plots (see Nielsen 1996) . Spring density was low in 1981, then increased year by year to peak levels in 1986 (Table 3) . After 1986 there was a gradual decline in density and the population reached low numbers in 1993 and 1994, but in 1995 density increased again. The amplitude in density between the highest and lowest years was 4´3-fold for the combined data. The estimated total population arriving on breeding grounds in spring ranged from c. 14 000±60 500 birds during the dierent years of the study (Table 3) .
The number of occupied gyrfalcon territories on the study area varied between 39 and 63 in 1981±97 (85±137 km 2 per occupied territory; Table 1 ). The dierence between high and low years was 1´6-fold. The population¯uctuations of the gyrfalcon, as measured by the coecient of variation, were signi®-cantly less pronounced than those of the ptarmigan population [t-test, two-tailed; t = 3´140, d.f. = 32, P = 0´004 (Sokal & Braumann 1980) ]. Cross-correlation for the two populations gave signi®cant positive coecients (P < 0´05) for time-lags of 1±4 years, ptarmigan leading gyrfalcon (Fig. 2a) . The highest coecient was for a 3-year lag (r 3 = 0´654). The number of Gyrfalcon pairs¯edging young, measured by the coecient of variation,¯uctuated much more than the territorial falcon population (t = 2´548, d.f. = 32, P = 0´016). Successful breeding pairs varied between 10 and 37 (144±533 km 2 per pair; Table 1 ), and this parameter was correlated with the size of the territorial falcon population (r = 0´539, d.f. = 15, P = 0´025), but not ptarmigan numbers (r = 0´363, d.f. = 15, P = 0´152; Fig. 2b ).
The proportion of the territorial falcon population breeding successfully did not show a signi®cant correlation with ptarmigan numbers (r = 0´279, d.f. = 15, P = 0´277). The average annual brood size did not¯uctuate much (CV = 11%), ranging between 2´2 and 3´2 young¯edged per successful Note: The number of occupied territories and territories¯edging young are calculated assuming 82 traditional gyrfalcon territories on study area and same occupation rate for territories visited and territories not visited. Total production of young is the number of territories¯edging young Â average brood size.
pair (Table 1) . Also this parameter did not show any signi®cant relation to ptarmigan numbers (r = 0´351, d.f. = 15, P = 0´167; Fig. 2c ). The total number of young produced re¯ected number of successful breeding pairs (r = 0´947, d.f. = 15, P < 0´0001) and ranged from 22 to 117 young per year (Table 1; Fig. 2d ).
The total number of falcons in autumn (territorial adults +¯edged young) ranged from 116 to 227 birds (SD = 33´1, CV = 19%). Cross-correlation of this parameter lagged by ptarmigan numbers gave signi®cant positive coecients (P < 0´05) for a 1-year lag (r 1 = 0´654) and a 2-year lag (r 2 = 0´685; Fig. 2e ).
The ratio of gyrfalcons per 1000 ptarmigan was highest during the ptarmigan low years and then declined logarithmically with increasing ptarmigan density (Fig. 3 ).
G Y R F A L C O N D I E T C O M P O S I T I O N
Fifty-two avian species, and wood mouse [Apodemus sylvaticus (L.)] and brown trout (Salmo trutta L.) were identi®ed in the prey collections. Non-avian prey amounted to only 0´02% by number. Adult ptarmigan was the most important prey item for all territories and in all years, averaging 72´2% by biomass (range 51´8±86´0%). Other important prey groups were waterfowl (average percentage biomass 19´5%, range 8´9±34´3%), alcids (3´8%, 0´7±6´9%), and waders (2´9%, 0´8±8´0%; Table 2 ). Only four species counted 2% or more by biomass in the total sample: wigeon (Anas penelope L.) 7´0%; pun [Fratercula arctica (L.)] 3´5%; pink-footed goose (Anser brachyrhynchus Baillon) 2´5%; and whimbrel [Numenius phaeopus (L.)] 2´3%.
Ptarmigan numbers and percentage biomass of ptarmigan in gyrfalcon diet varied in synchrony (r = 0´774, d.f. = 15, P < 0´0001). Most other prey groups were negatively correlated with ptarmigan numbers (Table 4) . Waterfowl were the most important alternative prey group. Looking at the relation between prey diversity and ptarmigan numbers gave the same general results (Fig. 4) . When ptarmigan density was high the gyrfalcons became stenophagous but became euryphagous at low ptarmigan densities.
The average total prey biomass consumed by the gyrfalcons during the breeding season was 3832 kg (range 2875±4693 kg; Table 5 ). Non-breeders (mean 44%) and breeders (mean 39%) consumed most of the prey, young consumed on the average only 17% (Table 5 ).
G Y R F A L C O N F U N C T I O N A L R E S P O N S E
Mean number of ptarmigan taken per gyrfalcon during the breeding season plotted against ptarmigan numbers reveals the shape of the functional response curve. The curve is close to linear ( y = 0´0002x + 23´729, R 2 = 0´240) or slightly convex (Fig. 5 ). Ptarmigan were utilized heavily at all population levels observed.
G Y R F A L C O N T O T A L R E S P O N E
Combining the numerical (Table 1) and the functional responses (Fig. 5) gives the total response of the gyrfalcon to changes in ptarmigan numbers. This can be analysed as kill rate (Fig. 6a) or predation rate (Fig. 6b) . The kill rate was lowest during the ptarmigan low years and highest during the peak years, ranging from c. 3550±7170 birds killed during the breeding season (Table 5 ). The trendline was close to linear ( y = 0´0599x + 3144´6, R 2 = 0´622) or slightly concave (Fig. 6a) . Cross-correlation of kill rate lagged by ptarmigan numbers gave signi®cant positive coef®cients (P < 0´05) for time-lags of 0±3 years. The highest coecient was for a 1-year lag (r 1 = 0´878). The gyrfalcons removed on average 18% of the adult sector of the ptarmigan population during the breeding season, 32% during ptarmigan low years and 11% during peak years. The decline in predation rate with increased ptarmigan numbers was logarithmic (Fig. 6b) . Cross-correlation of predation rate lagged by ptarmigan numbers gave signi®cant negative coecients (P < 0´05) for time-lags of ±2± 1 years. The highest coecient was for a ±1-year lag (r ±1 = ±0´845).
Discussion
The ptarmigan population on the study area underwent considerable changes in numbers during the study. The gyrfalcon population relied on ptarmigan as their stable diet during all years, and the shape of the functional response curve was convex. The numbers of gyrfalcons, territorial adults and¯edglings, tracked ptarmigan numbers with a 2-year lag. Calculations showed that gyrfalcon predation was heaviest during decline and low years of the ptarmigan population.
P O S S I B L E B I A S E S I N P R E D A T I O N C A L C U L A T I O N S
The calculations of predation impact require three sorts of data, each of which has its own potential for bias. These data relate to estimates of: (i) gyrfalcon population; (ii) ptarmigan population; and (iii) gyrfalcon prey consumption. I see two main problems with the gyrfalcon population estimate. The ®rst has to do with the assumption that pairs occupy sites classi®ed as`territories with unknown occupants', and the second has to do with the uncensused, nonterritorial part of the gyrfalcon population. The two biases counteract each other to some degree, the ®rst overestimates population size, and the latter underestimates it.
Of the 855 annual territorial occupancies, 21% had unknown occupants, while others were de®-nitely occupied by pairs. Some of these unknown occupants were probably single adults, but I could not, with any certainty, tell these territories apart. Non-territorial gyrfalcons are not covered by the annual gyrfalcon census. These include mainly yearling birds, but also probably some number of older birds physically capable of breeding (termed¯oa-ters). The existence of this shadow population is supported by the fact that yearlings were not represented in the territorial population. I have only once found a yearling bird occupying a breeding territory, and also falcons banded as nestlings and later trapped as ®rst time breeders were 2-to 4-years-old (Nielsen 1991) . I had no means of measuring the size of this section of the gyrfalcon population. Of 42 aged birds observed in the ®eld and away from territories in 1981±85 29% were yearlings. Of 11 aged birds seen trespassing on occupied nesting territories during this same period, ®ve individuals (45%) were yearlings (Nielsen & Cade 1990b ). The role of¯oaters in the population dynamics of raptors has been much discussed in the literature (Newton 1979; Hunt 1988 Hunt , 1998 Rohner 1995) , and this aspect of gyrfalcon ecology calls for a study using modern telemetry technology.
The spring ptarmigan census is facilitated by open, completely treeless landscape and by conspicuous plumage and behaviour of cocks. Observations of speci®c plots with individually marked territorial cocks have shown that one visit in late May accounts for close to 100% of the cocks (Gardarsson 1988) . My censuses were conducted in the same manner each year, so any bias should be in the same direction and should not distort the overall relative picture of population change. The digitalized vegetation map used to calculate extent of ptarmigan habitat is admittedly coarse but at the moment is the best available.
Energy requirements of free-¯ying gyrfalcons have not been measured, and the ®gures used in this study are based on standard metabolic formulas, and assumptions about ejecta, caloric content of prey, waste, one weight for female and male, respectively (see Lindberg 1983; Methods). These ®gures can certainly be improved by measuring energy consumption of free-¯ying falcons. But on the other hand we can compare how well prey biomass, as calculated from remains, compares with biomass calculated using energy requirements. This comparison has been made for 290 breeding attempts in 1981± 97, and biomass of prey collections covered on the average 88% of calculated needs (SD = 30; O Â .K. Nielsen, unpublished data). It is never possible to ®nd all prey remains on a nesting territory, as the birds use many perches, some of which can be inaccessible, while others escape my attention; so prey collections will always underestimate consumption to some degree. I think that this comparison shows that calculated biomass of captured prey using energy requirements is not unrealistic.
Another complication to the energy calculations is that rate of consumption per individual is taken as ®xed for the dierent years. This need not be true, as has been shown by Adamcik, Todd & Keith (1978) for great horned owls [Bubo virginianus (Gmelin)] preying on cyclic snowshoe hares. During peak years the owls consumed per capita a greater biomass than during the low years. There are some indications that this could also apply to the gyrfalcon, as per capita biomass consumed, measured using calculated biomass of food remains, varied signi®cantly during the study, and was lowest in 1991±93 (O Â .K. Nielsen, unpublished data). If this annual dierence in consumption was true it would tend to underestimate predation rate during the ptarmigan peak years and overestimate it during the low years.
Possible pitfalls in food studies using prey remains and pellets have been discussed extensively for gyrfalcon and other raptors (e.g. Langvatn 1977; Lindberg 1983; Newton 1986; Huhtala et al. 1996) . They include overrepresentation of large conspicuous birds in remains as opposed to small, young birds. My attempt to bypass this problem as much as possible was to collect pellets along with bone material. The pellets were only used to search for additional skeletal remains of small birds. There is no doubt that small fragile prey are underestimated to some degree, even when pellets are collected, but as observations have shown that small prey represent an insigni®cant proportion of total prey biomass brought to gyrfalcon nests this should have minimal impact (Poole & Boag 1988) .
There is one way to check how realistic the end product of all these calculations of the predation rate isÐby comparing the calculated ®gures with what has been observed in the ®eld. On HrõÂ sey in north Iceland in 1963±70 the observed total mortality rate of adult ptarmigan from beginning of territoriality to the end of June (I 80 days) was, on average, 20% (range 6±34%) combined for hens and cocks, and most of it was attributed to gyrfalcons (Gardarsson 1971) . The average predation rate by gyrfalcons on ptarmigan as calculated in my studies (I 111 days), was 18% (range 11±32%). This comparison shows that the calculated predation rate is not unrealistic and within the limits observed in nature.
The gyrfalcon in Iceland is a`resident specialist predator' (see Andersson & Erlinge 1977) . This conclusion is supported by the food data presented in Table 2 , the retrapping of adult gyrfalcons on nest sites during the breeding season, and observations during winter showing that the falcons are faithful to their nesting territories and reside there during the winter also (Nielsen & Cade 1990b; Nielsen 1991) . Icelandic gyrfalcons have never been recovered outside the country, and juvenile dispersal seems to be the only large-scale movement during their annual cycle (IINH ®les). There should be no advantage for a nomadic existence, as the population change of ptarmigan is more or less synchronous all over Iceland (Nielsen 1996) . Nomadic behaviour has been described for some Fennoscandian microtine predators (KorpimaÈ ki & Norrdahl 1989 , 1991 , and has been suggested could apply to continental gyrfalcon populations also (Cade 1960; Roseneau 1972) .
Changes in density of resident specialist microtine and lagomorph predators lag behind changes in their cyclic prey (Keith 1963; Keith et al. 1977; Henttonen et al. 1987; KorpimaÈ ki, Norrdahl & Rinta-Jaskari 1991; Rohner 1995) . My data show that the same applies to the gyrfalcon, as the total numerical response (adults +¯edglings) tracked ptarmigan population with a 2-year lag, in agreement with prediction one of the Introduction, which states that the predator should show a delayed density-dependent response to changes in prey numbers. Time-lags in predator±prey relations are important promoters of instability in such systems (Murdoch & Oaten 1975) . One probable explanation for the time-lag in gyrfalcon numbers is the sedentary nature of territorial adults and delayed recruitment of oaters into the breeding population. Newton (1979) concluded that under natural conditions either food or nest sites should limit the size of raptor breeding populations. Gyrfalcons defend nest sites but the hunting grounds are so extensive as to render them indefensible. I ®nd it hard to conceive that territorial behaviour or shortage of nest sites limits the gyrfalcon population on my study area, at least at the low or the early phase of the ptarmigan cycle. If limitation by territoriality was the case, one would expect to ®nd synchrony in numbers of occupied falcon territories (i.e. serviceable breeding locations sensu Hunt 1988 Hunt , 1998 and ptarmigan numbers. This was not the case, and only at the highest densities recorded (1987±91) did falcon numbers seem to reach some kind of ceiling and remain there. The size of the territorial falcon population during the low and the rising phase of the ptarmigan cycle is probably determined by some balance of adult survival and recruitment of¯oaters into the breeding population. Adult survival seems to be good, I 90% according to limited information from retrapping on nesting territories (Nielsen 1991: two replacements for 32 territory years). This trapping was mainly undertaken in 1983±88, i.e. when the ptarmigan population was at medium to high levels, and it is not known how representative these ®gures are or how much adult survival changes over the course of the ptarmigan cycle. The number of potential recruits into the territorial population depends on production of young 2±4 years previously, and on their post¯edging survival. My thesis is that both survival factors, i.e. for territorial adults and¯oaters, especially the latter, should ultimately be dependent upon the ptarmigan situation. According to this it is food but not territoriality that limits gyrfalcon density on my study area at all but the highest densities, and this should further destabilize the gyrfalcon±ptarmigan relationship (Rosenzweig & MacArthur 1963) .
Considering the great importance of ptarmigan as food for the gyrfalcon it is of interest to record that neither the proportion of the territorial falcon population breeding successfully, nor the mean brood size, re¯ect changes in ptarmigan density. This is in sharp contrast to accepted dogma in the literature (cf. Cramp & Simmons 1980; Palmer 1988) . The most likely explanation for this discrepancy is early laying by gyrfalcons and the overriding in¯uence of spring weather on breeding success (Nielsen & Cade 1990b ; O Â .K. Nielsen, unpublished data; see also Steenhof, Kochert & McDonald 1997) . The dierence in density between high and low numbers on ptarmigan census plots within Iceland has been between 3-and 10-fold (Nielsen 1996) . The average ®gure for the plots on my study area was 4´3-fold. Published density ®gures from other areas for ptarmigan and willow grouse [Lagopus lagopus (L.)] give the same range of density¯uctuations as observed in Iceland (Table 6 , see also Weeden & Theberge 1972; Cramp & Simmons 1980; Montgomerie et al. 1983; Brodsky 1988; Holder & Montgomerie 1993 ).
These Lagopus population¯uctuations are an order of magnitude less than those observed for cyclic microtine rodents and hares (Krebs et al. 1992) . Consequently gyrfalcons relying on Lagopus should not be expected to show the same extreme responses to changes in prey density as predators relying on cyclic small mammals. We have data on population dynamics of gyrfalcons and density indexes for Lagopus for three areas only to compare with the results from Iceland (Table 6 ). Population change of Lagopus on these three areas was similar to that observed on my study area. What all these areas had in common was that mean brood size of the gyrfalcon showed no relation to Lagopus numbers (Table 7) . In other respects the areas behaved dierently from Iceland, and none of them showed a delayed density-dependent numerical response to changes in Lagopus density. Numbers of territorial pairs in Yukon and breeding pairs in Hope Bay tracked Lagopus density without a time-lag. The breeding populations at Alta-Kautokeino were stable all through the study, and numbers of breeding pairs showed no relation to changes in Lagopus numbers. Total production of young was positively correlated with Lagopus numbers in Yukon only (Table 7) . It is not clear whether these are genuine dierences between the areas or whether they relate more to dierences in methodology. Holling (1959) identi®ed three types of functional curves: a linear type-I response, a convex type-II response, and a concave type-III response. All these curves will eventually level o as food supply exceeds the nutritional requirements of the predators. Murdoch & Oaten (1975) concluded that only the type-III response will tend to regulate prey num- Table 6 . The amplitude and coecient of variation of Lagopus and gyrfalcon population change and some population parameters of gyrfalcon in Yukon and Hope Bay, Canada, Alta-Kautokeino, Norway, and Iceland
Yukon{
Hope Bay{ Alta- Kautokeinox  Iceland{   Ptarmigan population  amplitude  6´9  4´5  9´3  4´3  CV  45´2  35´8  55´5  43´9  Gyrfalcon territorial  amplitude  3´0  1´8  1´0  1´6  population  CV  12´6  20´7  0´0  13´9  Gyrfalcon breeding  amplitude  7´9  1´6  4´0  3´7  population  CV  23´9  16´0  27´8  30´6  Gyrfalcon brood size  amplitude  1´6  1´3  2´7  1´5  CV  12´9  10´7  27´2  11´0  Gyrfalcon total young  amplitude  6´6  1´7  3´3  5´3  production  CV  28´6  18´6  32´2  34´3 {Mossop & Hayes (1994, ®gs 4, 6, and 8). {Shank & Poole (1994, ®g. 11, tables 3 and 5) . xTùmmeraas (1993, ®g. 3) . {This study.
bers, but that type-I removes a constant portion of prey, and type-II a diminishing number as the prey population increases. The functional curve of the gyrfalcon resembles type-I and type-II, it is linear or slightly concave with indication of saturation level at the highest densities observed. This conforms with prediction 2 of the Introduction, which states that the falcon should subsist on ptarmigan during all phases of the cycle. Ptarmigan was the main prey even during the years with the lowest ptarmigan density (Table 2) , and there was much less¯uctuation in importance of ptarmigan in the gyrfalcon's diet (CV = 14%) than in ptarmigan density (CV = 44%). This continual reliance on one prey species can be compared with some of the specialist microtine predators in Fennoscandia, where Microtus spp. completely dominate in their diet during the high years of the population cycle but almost disappear from the diet during the low years (KorpimaÈ ki & Norrdahl 1989 & Norrdahl , 1991 . Even though suitable alternative prey existed in large numbers, and in all years on the study area, it was never used to any extent until in the latter part of the breeding season (Nielsen 1986) . In all years the gyrfalcon's reproductive output was based on ptarmigan as prey but not the alternative prey. To my knowledge the only gyrfalcons studied and using prey other than ptarmigan during the ®rst part of the breeding season are from the high arctic, i.e. on Ellesmere Island, Canada (Muir & Bird 1984) , and on Scoresby Land, north-east Greenland (Summers & Green 1974; Fletcher & Webby 1977) . These falcons depended on arctic hare Lepus arcticus Ross and collared lemming Dicrostonyx groenlandicus (Traill).
Every year the falcons took almost only adult ptarmigan during courtship through the early nestling period. Sometimes in June they shifted partially over to other prey (especially waterfowl, waders and alcids). The timing and the extent of this prey shift depended on the ptarmigan situation, it was earlier in poor ptarmigan years than in good ptarmigan years (Nielsen 1986; O Â .K. Nielsen, unpublished data) . This prey shift thus determined the shape of the functional curve. The event signalling the shift was not increased availability of alternative prey per se but a change in ptarmigan behaviour. The behavioural changes aecting ptarmigan vulnerability as prey for the gyrfalcon are commencement of incubation by the hens in the ®rst half of June and waning territorial activities of cocks at the same time, with complete cessation after mid-June.
D O E S G Y R F A L C O N P R E D A T I O N D E S T A B I L I Z E T H E P T A R M I G A N P O P U L A T I O N ?
The ®rst two predictions presented in the Introduction, one relating to a delayed numerical response of the predator to changes in prey numbers, and the other to a reliance of the predator on this prey during all phases of its cycle of numbers, both seem to apply to the gyrfalcon±ptarmigan system in Iceland (cf. above). Both should promote instability in this system. Prediction three of the Introduction relates to the total response of gyrfalcon predation, and states that the predation rate should be highest during decline and bottom years of the ptarmigan cycle of numbers. These data show that the low ptarmigan population suers the highest predation impact and the peak population the lowest (Fig. 6b) . Furthermore, by connecting the points in Fig. 6b in chronological order one obtains a counterclockwise trajectory with a lesser predation rate during the increase phase of the ptarmigan cycle than during the decline phase. This agrees with prediction three.
My studies support the conclusion that gyrfalcon predation is an essential part of the ptarmigan cycle in Iceland. The falcons, through the combined eect of their numerical and functional response, should destabilize the ptarmigan population, accelerate decline, accentuate the amplitude of the cycle, and in¯uence the length of the low phase. Note, however, that these data do not indicate that gyrfalcons are responsible for the start of the decline.
